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Summary 
Statistical models based on temperature accumula-
tion are used to estimate grapevine phenology (e.g. bud 
break, flowering) through summation of daily heat re-
quirements calibrated from a base temperature and a 
given date. This study was designed to define the grape-
vine agro-phenological behaviour through analysis of 
potential trends of some principal phenological phe-
nomena, such as flowering, harvest, and berry sugar 
levels at harvest. The data utilized were recorded over a 
13-year period (2000-2012) for different grape varieties 
in the Umbria wine region in central Italy. Moreover, 
to determine the more important relationships between 
meteorological variables and recorded data, partial 
least-squares regressions were carried out. 
The trend analysis for berry sugar accumulation 
shows increasing degrees during the study period that 
were linked more to the 'Grechetto' cultivar than to the 
'Chardonnay' and 'Merlot' cultivars, and then to 'Ca-
bernet'. The statistical model that was focused on the 
study of the relationships between mean annual berry 
sugar levels and meteorological variables showed that 
mean maximum temperatures in April and July are the 
most important predictive variables for berry sugar ac-
cumulation, through their positive influence on berry 
sugar degree.
K e y  w o r d s :  grapevine; phenology; flowering; harvest; 
berry sugar accumulation.
A b b r e v i a t i o n s :  GDD, growing degree day; GDD_f, 
Growing degree days to flowering; DOY, day of the year; °Babo, 
Babo degree (g sugar∙L-1); RMSE, root mean square error; Tmax, 
mean maximum temp. (°C); Tmin, mean minimum temp. (°C); 
Pp, total precipitation (mm).
Introduction
The grapevine (Vitis vinifera L.) is a woody perennial 
plant that remains productive for 50 to 60 years, during 
which time the spring phenological phase of bud break 
occurs annually over a characteristic range of variety-spe-
cific dates (from March to April). This is followed by a 
period of intensive vegetative growth, during which the 
shoots arising from the buds elongate and produce leaves 
very rapidly. The number of viable fruit (berries) that con-
tinue development is determined shortly after flowering, at 
which time the maturing fruit clusters become the primary 
sinks for the photosynthate. Growing fruits are character-
ised by their seed development, with the building of the 
green berry structure and the accumulation of berry sugar 
which is accompanied by colour change (veraison) and 
rapid enlargement of the fruit. The times between these 
phenological stages can vary greatly across the grapevine 
varieties and the climate and geographic location. 
With grapevines, previous studies have used proc-
ess-based phenological models to describe differences 
between varieties (WINKLER 1962, OLIVEIRA 1998, GARCÍA 
DE CORTÁZAR et al. 2009), advances in phenology (CHUINE 
et al. 2004, NENDEL 2010, PARKER et al. 2011) or as a useful 
basis for pest management (HOPPMANN and BERKELMANN-
LOEHNERTZ 2000). Indeed, meteorological variables such as 
temperature and precipitation can directly affect the grape-
vine phenological behaviour (KISHINO and MARUR 2007, 
DALLA MARTA et al. 2010). Combined with radiation, these 
two factors provide the all-important control of grapevine 
growth and development, with modifications to the photo-
synthetic rate, and consequently with effects on the final 
grape quality and production.
Classically, the spring warming model that is based on 
the calculation of the growing degrees days (GDD) is the 
simplest model that has been used to estimate grapevine 
phenology (e.g. bud break, flowering, veraison). The sum 
of the daily heat requirements gives a measure of the state 
of forcing in degrees days (°C∙day-1; expressed as units of 
GDD). Recently, phenological models have been success-
fully developed for the bud-break stage of the grapevine, 
which incorporate both chill and heat units (CAFFARRA and 
ECCEL 2011).
Several studies linked increasing temperature trends 
with earlier phenological development of many wild and 
cultivated plants (CHMIELEWSKI et al. 2004, MENZEL et al. 
2006, SCHWARTZ et al. 2006, ORLANDI et al. 2013a and b). 
Moreover, different studies have used the grapevine as a 
bioindicator of changes associated with global tempera-
ture warming, because the grapevine is considered to be 
a highly sensitive crop to weather fluctuations (JONES and 
DAVIS 2000, JONES et al. 2005, LAGET et al. 2008, PETRIE 
and SADRAS 2008). 
When the vegetative and reproductive development 
of grapevines are well adapted to the local conditions, the 
grapes at harvest can correspond to the desired combina-
tion of berry sugar and acidity, and aromatic and phenolic 
profiles, or other desired qualities, for the production of 
high-quality wine (JONES and DAVIS 2000, JONES et al. 2005, 
VAN LEEUWEN et al. 2008). However, grapevine varieties 
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planted in a specific location under certain climate condi-
tions might no longer be adapted to reach maturity under 
the climate conditions of the future. Therefore, understand-
ing how temperature influences the timing of grapevine 
vegetative and reproductive development, and identifying 
specific varietal differences in terms of phenology and ma-
turity, are crucial.
This study was aimed at determining grapevine agro-
phenological behaviors through an analysis of the potential 
trends of the qualitative fruit expression at harvest (ber-
ry sugar levels). Flowering and harvest maturation were 
monitored over a 13-year period (2000-2012) for differ-
ent grape varieties in the Umbria wine region in central 
Italy. Temperature summations were calculated to develop 
a simple process-based agro-phenological model to predict 
the qualitative level (degree) of the berry sugar content at 
harvest, while partial least-squares regressions were car-
ried out to determine the more significant relationships be-
tween meteorological variables and the biological data.
Material and Methods
S t u d y  a r e a  a n d  g r a p e v i n e  c u l t i v a r s :  
The study was carried out at the farm of the "Founda-
tion for the Agricultural Education in Perugia", located in 
Marsciano, near the city of Perugia, central Italy (Fig. 1). 
The study area (around 43° 00′ 40″ N; and longitude, 
12° 14′ 52″ E) falls within the production zone 'Colli Pe-
rugini DOC' guarantee of origin, and it extends to the right 
side of the River Tiber, with a climate and an exposure to 
the south/southeast, and partially protected from the cold 
winds coming from the north, particularly favorable for 
viticulture. The soil of the study area generally has a strong 
clayey calcareous component, which can be seen by the 
light color of the land. At the farm, which includes about 
70 hectares of vineyards and is located at an elevation of 
256 m a.s.l., five varieties included in the DOC regulations 
were studied and included two white cultivars 'Chardon-
nay' 118 and 'Grechetto' and three red cultivars 'Cabernet 
Sauvignon', 'Merlot' and 119 'Sangiovese'. All of the grape-
vines were of clonal origin, grafted onto SO4 ('Sangiovese' 
and 'Grechetto') and 1103P ('Cabernet Sauvignon' and 
'Merlot') rootstock. 
The training system is in the form of cordons with 
spurs, which is suitable to promote and facilitate mechani-
sation of some of the farming operations, such as harvesting 
and pruning. In this form, the stems reach 60 to 70 cm in 
height, and then extend horizontally as permanent cordons 
for a length of about 1 m, with spurs with 2-4 buds every 
15 to 30 cm. This is a form of cultivation that is well suited 
to soils of average fertility, and even to dry soils. Gener-
ally the grapevine density is 2,200 to 4,000 plants∙ha-1, 
with an average load of buds from 50,000 plants∙ha-1 to 
80,000 plants∙ha-1, and with grapevine rows separated by 
2.5 m to 2.8 m, and grapevine plants by 0.8 m to 1.0 m. 
P h e n o l o g i c a l  d a t a :  The phenological infor-
mation related to the flowering dates are reported from 
2000 to 2012 for all of the grapevine cultivars. In partic-
ular, these flowering dates were expressed as 'day of the 
year' (DOY), as the number of day after January 1st.
The Biologische Bundesanstalt, Bundessortenamt, 
Chemische Industrie (BBCH) phenological keys were used 
(CHMIELEWSKI and RÖTZER 2001). In the present study, the 
following phenological phases were considered for the re-
productive cycle: BBCH65, full flowering (50 % of flow-
erhoods fallen); BBCH89, berries ripe for harvest.
The harvest dates in particular were recorded along 
with the qualitative aspects of the berries, considering the 
berry sugar content, carried out on almost a weekly basis 
with randomly selected plants indicating the start of the po-
tential harvest period when the berry sugar level on aver-
age reached a conventional minimum value (≥ 18 °Babo). 
B e r r y  s u g a r  l e v e l s :  Different measurement 
units can be used to determine the berry sugar content 
of grape berries. In our case, the samples of berries were 
pressed at 0.5 MPa in a pneumatic micropress, and the 
juice samples were analysed for soluble solids by refrac-
tometry. This was expressed as g sugar∙L-1, with the subse-
quent determination of the so-called 'Babo' degree, where 
each degree corresponds to 10 g sugar in 1,000 g berry 
juice (GIOMO et al. 1996). The potential harvest period was 
determined for each cultivar over the years as when the 
berry sugar accumulation reached ≥18 °Babo.
M e t e o r o l o g i c a l  d a t a :  The meteorological 
data considered in the present study were daily values of 
temperature, precipitation and evapotranspiration. To sum-
marize the principal climatic influence of the cited vari-
ables, monthly mean maximum and minimum tempera-
tures (°C), monthly total accumulated precipitation (mm), 
and evapotranspiration rate (mm/day) for the months from 
March to August were calculated. 
The meteorological data were obtained from the weath-
er station nearest to the study area; i.e. the Italian National 
Meteorological and Climatological Centre. The weather 
station is located at an elevation of 229 m a.s.l. (43°01' N, 
12°18' E) and is just over 2 km from the study area. 
T r e n d  a n a l y s i s :  The presence of phenological 
and qualitative trends through the study period was inves-
tigated using the Mann-Kendall tests, which are non-para-
metric tests, for monotonic increasing or decreasing trends, 
not dependent upon the magnitude of data, assumptions of 
distribution, and missing data (SALMI 2002). In particular, 
the trends were evaluated using the Z coefficient estimation Fig. 1: The study area. Umbria Region (Central Italy).
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for each of the variables considered, through the 13 years 
of data for each variable. Positive Z-values indicate a de-
laying trend in the phenological data, while negative Z-val-
ues indicate an advancing trend.
This type of analysis was also conducted for the month-
ly temperature means (i.e. Tmax, Tmin; °C), the total pre-
cipitation (mm), the number of rainy days (> 2 mm∙day-1), 
and the temperature summations (max, min, mean; °C) 
from January 1st to the end of each month. These data thus 
provided an evaluation of the trends of the principal mete-
orological variables through the years of the study. 
To estimate the true slope of any existing trends (as 
change per year), Sen's non-parametric method was used 
(SIROIS 1998). For the four tested levels of significance of 
the trends, the following symbols are used: **, a = 0.01 
(highly significant); *, a = 0.05 (significant); and +, a = 0.1 
(nearly significant). All of the trends were calculated using 
the MAKESENS Excel template, version 1.0 (Microsoft 
Inc., Redmond, WA).
T e m p e r a t u r e  s u m m a t i o n s  f o r  t h e  b i -
o m e t e o r o l o g i c a l  r e l a t i o n s h i p s :  The forcing 
temperatures and their variability during the study period 
were evaluated calculating annual GDD amounts and re-
lated coefficients of variation (CV). The GDD (°C∙day-1) 
were calculated using the method proposed by Arnold 
(1960), which is based on the maximum and minimum 
temperatures.
According to recent studies (PARKER et al. 2011), the 
state of forcing is described as a daily sum of the rate of 
forcing, R
f




 as the daily mean 
temperature. The rate of forcing in the spring warming 
model is defined by equation:
measurements were considered as the dependent variables 
and the meteorological parameters as the independent vari-
ables. The modelling was based on linear transformation 
of the original descriptors to a small number of orthogo-
nal factors (latent variables), to maximise the covariance 
between the descriptors and the dependent variables. This 
procedure provides the optimal linear model in terms of the 
forecasting. In the present study, each latent variable rep-
resented a key factor for the grape sugar degree. Once the 
models were obtained, the regression equation was used 
to determine the exact weight of each meteorological vari-
ables in the final sugar accumulation. 
The models were validated following a full cross-vali-
dation method, which is a statistical method for the evalu-
ation and comparison of learning algorithms. This divides 
the data into two groups: one dataset is used to train the 
models, and the other is used to validate the models (RE-
FAEILZADEH et al. 2009). The advantage of using this valida-
tion method was that there was no need to exclude any year 
for the construction of the statistical models (Unscrambler 
9.7 and the Statistica 7.0 software utilized).
Results
P h e n o l o g i c a l  d a t a  a n d  b e r r y  s u g a r  
c o n t e n t :  There are many factors that can affect the 
grapevine sugar content. These certainly include the cli-
mate, but also the yield, the same nature of the grape varie-
ties and their responses, the soil, and the grapevine grow-
ing methods. 
Tab. 1 summarizes the information on the phenological 
phases, first in terms of the flowering dates of the grapevine 
cultivars studied. These dates are reported as means over 
the 13-year period, and show that the two white cultivars, 
'Chardonnay' and 'Grechetto', are clearly more advanced in 
comparison to the three red cultivars ('Cabernet', 'Merlot' 
and 'Sangiovese'). Flowering has advanced between 5 to 10 
d for 'Sangiovese', with the most delayed being 'Cabernet'. 
The standard deviations of the five cultivars are similar, 
with only 'Grechetto' showing greater flowering homoge-
neity during the study period.
The harvest dates and the berry sugar degrees are also 
reported in Tab. 1, again as the means over the 13-year 
study period. A “T-Test - one sample or paired” was uti-
lized to test the differences between the cultivars and really 
the conclusions from checking the assumptions were that 
the data are continuous and the differences are normally 
distributed, not evidencing advances or delays statistically 
significant. Finally, the mean berry sugar degree record-
ed at the harvest dates was always >18 °Babo, from the 
18.6 °Babo of 'Sangiovese', to the 20.1 °Babo of 'Merlot'. 
The sugar degree variability was very low, with standard 
deviations around 1.0 °Babo.
T r e n d  a n a l y s i s :  The trend analysis from the 
phenological data and the berry sugar degree through the 
13-year study period are shown in Tab. 2. All trends for 
phenological dates or berry sugar degrees were analyzed 
using Mann-Kendall tests. The significance levels obtained 
are reported for each wine cultivar in terms of their differ-
where Tb is the base temperature above which the thermal 
summation is calculated. Parker et al. (2011) optimized 
the spring warming model with a base temperature of 0 °C 
calculated from DOY 60 (t
0
). However, to determine the 
values of the equation parameters that are better adapted 
to the study area, different forcing start dates and threshold 
temperatures were tested: February 15 (DOY 46), March 1 
(DOY 60) and March 15 (DOY 74) as forcing start dates, 
and 0, 1, 2, 3, 5, 7, 10 and 12 °C as threshold temperatures. 
Finally the best forcing start date and threshold tempera-
ture were defined minimizing the CVs for modeling the 
berry sugar levels at harvest.
P a r t i a l  l e a s t - s q u a r e s  r e g r e s s i o n s  f o r  
t h e  b e r r y  s u g a r  l e v e l – m e t e o r o l o g i c a l  r e -
l a t i o n s h i p s :  To define the most significant relation-
ships between the better forcing amounts (evidencing the 
lowest CVs during the 13-year period), the meteorological 
parameters, and the berry sugar degree, three regression 
models were constructed using the partial least-squares 
regression technique. A first model considered all the cul-
tivars together (model A), a second model (B) considered 
the white grapes ('Chardonnay' and 'Grechetto') and the last 
model (C) the red grapes ('Cabernet', 'Merlot' and 'Sangio-
vese'). The annual berry sugar degrees for all of the cultivar 
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ent behaviours. In terms of flowering, only one cultivar, 
'Sangiovese', showed an evident increasing trend regarding 
the dates of the flowering phase (test Z, 2.32), which is in-
terpreted as a tendency towards delay through the 13-year 
study period. Delayed trends were also recorded for three 
of the other cultivars, i.e. 'Chardonnay', 'Cabernet' and 
'Merlot' (test Z, 1.78, 1.66, 1.73, respectively), although 
these trends were not statistically significant. 
The harvest dates showed only two nearly significant 
negative Z-values (i.e. decreasing trends) for the 'Caber-
net' and 'Sangiovese' cultivars (test Z, -1.78, -1.90, respec-
tively). 
The trend analysis for the berry sugar degree (Fig. 2) 
showed some highly significant data that are primarily 
linked to the 'Grechetto' cultivar (test Z, 2.62), more than to 
the 'Chardonnay' and 'Merlot' cultivars (test Z, 2.57, 2.26, 
respectively), and finally to the 'Cabernet' cultivar (test Z, 
1.65). All of the Z-values were positive, which suggests 
that there were increasing trends of berry sugar through the 
13-year study period, with the exception being the 'Sangio-
vese' cultivar which was not statistically significant.
D a i l y  h e a t  r e q u i r e m e n t s :  The variabil-
ity analysis carried out through the coefficients of varia-
tion, considering both the different forcing start dates and 
the various threshold temperatures, showed, for all of the 
cultivars, the best forcing start date (t
0
) was March 15 
(DOY 74) and the best threshold temperature (Tb) was 
0 °C (Tab. 3). The mean thermal requirements from March 
15 to the flowering date ranged from a minimum value of 
823 GDD for the 'Grechetto' cultivar to a highest value of 
1,010 GDD for the 'Cabernet' cultivar. In the same way, the 
mean thermal requirements from March 15 to the harvest 
date varied from 3,244 GDD for the 'Chardonnay' cultivar 
to 3,845 GDD for the 'Cabernet' cultivar. 
A mean thermal requirement of 2,674 ± 208 GDD 
was observed between the mean flowering date (DOY 
140; May 20) and the mean harvest date (DOY 258; Sep-
tember 15). The 'Sangiovese' and 'Cabernet' cultivars had 
the highest heat requirements to reach the optimal berry 
sugar degrees (>2,800 GDD) (Fig. 3). 'Chardonnay' was 
the cultivar which showed the lowest thermal requirement 
(< 2,410 GDD). 
B i o m e t e o r o l o g i c a l  r e l a t i o n s h i p s  
t h r o u g h  p a r t i a l  l e a s t - s q u a r e s  r e -
g r e s s i o n s :  The statistical models for studying the 
relationships between the mean annual berry sugar de-
grees at harvest and the meteorological variables revealed 
significant results. In particular, the significance of the 
model that considered together all the grapevine cultivars 
(model A) was high, showing a determination coefficient 
value of R2 = 0.90 while the determination coefficient of 
the full cross-validation (Q2 = 0.81) indicates the optimal 
T a b l e  1
Descriptive statistics for the flowering and harvest dates, and mean berry sugar 









Mean ± SD Mean ± SD Mean ± SD
Chardonnay May 16 3.46 August 30 5.06 19.2 0.89
Grechetto May 15 2.10 September 16 6.56 19.5 0.71
Cabernet May 25 3.62 September 29 6.09 19.9 1.15
Merlot May 23 2.96 September 08 4.27 20.1 1.20
Sangiovese May 20 3.29 September 3 7.02 18.6 1.31
a, 50 % of the flowers open, expressed as 'day of the year'; b, expressed as ‘day of 
the year’; c, 1.0 °Babo corresponds to 10 g sugar in 1,000 g berry juice; SD, standard 
deviation.
T a b l e  2
Mann-Kendall test results for the phenological data and the berry sugar degree over the 13-year study 
period (2000-2012). The significance levels obtained are reported for each grapevine cultivar
Cultivar
Flowering date Harvest date Berry sugar degree
Test Z Sign. Q Test Z Sign. Q Test Z Sign. Q
Chardonnay 1.78 + 0.57 0.74 0.23 2.57 * 0.17
Grechetto 1.49 0.29 0.12 0.05 2.62 ** 0.15
Cabernet 1.66 + 0.50 -1.78 + -0.45 1.65 + 0.14
Merlot 1.73 + 0.50 -0.37 -0.13 2.26 * 0.23
Sangiovese 2.32 * 0.72 -1.90 + -1.00 1.16 0.17
Sign., level of significance: **, a = 0.01; *, a = 0.05; +, a = 0.1. A positive (negative) value of Z 
indicates an upward (downward) trend. Q indicates the true slope of an existing trend (as change per 
year).
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Fig. 2: The more significant Mann-Kendall test results consider-
ing the berry sugar degree (°Babo) at harvest, as seen for cultivars 
'Grechetto', 'Chardonay' and 'Merlot'.
Fig. 3: The thermal requirements for the flowering and harvest-
ing. GDD_A, GDD from March 15 (t
0
) to mean flowering date 
(DOY 140); GDD_B, GDD from the mean flowering date to 
mean harvest date (DOY 258).  
accuracy of the model. Although the highest significance 
was obtained for the general model (A), model B, consid-
ering together just the white grapes, and model C for the 
red grapes showed good determination values, with R2 = 
0.82-0.78 and Q2 = 0.68-0.64 respectively. In all the three 
models the most important predictive variables for the 
berry sugar degree formation were spring temperature ac-
cumulation to flowering (GDD_f), the total precipitation 
in April (Pp_A) and the mean maximum temperatures in 
July (Tmax_J). The coefficients values of the independ-
ent variables are shown in Fig. 4. The temperature vari-
ables revealed positively related with berry sugar degree 
while precipitation showed a negative influence. The ob-
served and expected values of the yearly berry sugar de-
grees predicted by the regression models are reported in 
Fig. 4, with the respective regression formulas. The devia-
tion between the observed and predicted berry sugar de-
gree values obtained by the model A (as absolute values) 
was between 0.3 % (2010) and 4.1 % (2001), between 
0.4 % (2005) and 3.7 % (2007) with the model B and be-
tween 0.1 % (2002) and 5.8 % (2001) with the model C.
T a b l e  3
Coefficients of variation of annual GDD amounts considering 
three forcing start dates (February 15 and March 1 and 15) and 
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3 11 12 11 4 4 4
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Discussion
The present study has provided an evaluation of the 
thermal requirements for flowering, harvesting and berry 
sugar accumulation in grapevine cultivars that are typi-
cally cultivated in the Umbria winegrowing region in 
central Italy. Comparisons with other studies are difficult, 
considering the differences in the phenological phases 
recorded (i.e. veraison or harvest), and the parameters of 
the phenological models (i.e. start temperature accumula-
tion dates, threshold temperatures). For example, a recent 
study of PARKER et al. (2011) considered the mean thermal 
requirements from March 1 to their flowering and verai-
son dates, while in the present study, the best start tem-
perature accumulation date was March 15, and no verai-
son data were available. Some comparisons about forcing 
temperature requirements of four common vine cultivars 
('Chardonnay', 'Merlot', 'Sangiovese' and 'Cabernet') can 
be carried out considering another work (PARKER et al. 
2013). In particular in the Parker investigation the start-
ing date for the temperature amounts was advanced of 
15 d in comparison to that utilized in the present study and 
this difference probably determined the lower tempera-
ture summations to flowering (all the cultivars evidenced 
values around 1,000 GDD in our experience and around 
1,200 in the Parker work). On the other hand the tempera-
ture requirements in the successive fruit maturation phases 
were different (in our experience the cultivar requirements 
ranged between 3,200 and 3,800 GDD and between 2,500-
2,700 in the Parker work), considering that fruit harvesting 
is realized some weeks after veraison which phenological 
phase is BBCH 81 (Beginning of ripening: berries begin 
to develop variety-specific colour). However, in both in-
vestigations the white cultivar 'Chardonnay' showed lower 
thermal requirements than the red cultivars to reach flower 
development and fruit maturity. 
The trend analyses showed that the berry sugar de-
grees has increased over the 13-year study period for al-
most all of the grapevine cultivars considered, also when 
harvest dates not varied significantly. Only 'Sangiovese' 
did not show a significant increase in berry sugar degrees, 
although in this case the flowering delay and the harvest 
advance reduced the fruit maturation period influencing 
the sugar accumulation.
The vintage climatic conditions can influence the 
grape quality through the temperature requirements or the 
water balance, with high sunlight stimulating anthocyanin 
accumulation in the berries (KELLER and HRAZDINA 1998, 
BERGQVIST et al. 2001, SPAYD et al. 2002). In the present in-
vestigation the temperature requirements during the flower 
structure formation, in particular during April, were posi-
tively linked to the harvested berry sugar levels. Probably 
the spring temperature accumulation has a positive effect 
on flowering, inducing an advance in flower growth and 
opening. This phenomenon permits a concomitant advance 
of the fruit setting phase and the realization of the first ber-
ry sugar accumulation during a period in which summer 
stress is not as high compared to those of July or August in 
mediterranean climate conditions. 
Moreover, from a climatic point of view there are 
clear relationships between improved grape quality (berry 
sugar) and water deficit recorded in April, when it prob-
ably affects the grape quality indirectly, with an early wa-
ter deficit causing early shoot vegetative growth cessation, 
and consequently inducing reproductive utilization of the 
assimilates for flowering advance. In literature is clearly 
indicated that a moderate restricted water supply improves 
the wines quality by causing the grapes to achieve optimal 
sugar levels, encouraging rapid ripening while restricting 
the size of the berries (VAN LEEUWEN et al. 2009). It also 
consents to a greater percentage of the sugars produced by 
photosynthesis to be available for grape ripening (LEBON 
et al. 2006). As a consequence the ideal water uptake con-
ditions for producing high quality grapes for making red 
wine corresponds to a moderate water deficit early in the 
season. Generally, drought between flowering and fruit set-
ting reduces the number of berries and the yield, without 
changing the berry sugar content, drought after fruit setting 
reduces the berry weight and yield, and drought at the fruit 
colouring phase diminishes the berry weight and increas-
Fig. 4: Observed and predicted annual berry sugar degrees through 
the 13-year study period (2000-2012). Pp_A, total precipitation in 
April; Tmax_J, mean maximum temperature for July; GDD_f, 
Growing degree days to flowering. The regression equations are 
shown for each model: A:General model; B: White grape model; 
C: Red grape model.
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es the sugar levels (VAN LEEUWEN et al. 2004). Moreover, 
many studies have shown the positive influence of high 
temperatures (> 30 °C) in berry sugar increases (BERGQVIST 
et al. 2001, SADRAS and MORAN 2012). According to the 
present study, high temperatures during early summer 
can stimulate the young fruit development considering 
the presence of yet sufficient water availability and good 
leaves photosynthetic efficiency. In this manner, the pres-
ence of an increasing sugar trend over the 13-year study 
period was recorded along with an increasing maximum 
temperature trend during July.
The detailed analysis of the two most important tem-
perature variables in terms of the final sugar accumulation 
in the berries suggested some considerations. When the 
lowest temperature values recorded during the study years 
were manifested during both spring (GDD) and summer 
(Tmax_J) of the same year (2002), the final sugar degree 
did not reach beyond 18.5 °Babo (although this remains 
higher that the lowest limit for harvesting, of 18 °Babo), 
while during the warmest year (2007), the sugar level 
reached nearly 21 °Babo. However, the more influential 
variable appeared to be the mean maximum temperature 
during July, even though this also showed a very narrow 
interval of variation during the study period, of only 1.8 °C 
(from 30.6 °C to 32.4 °C).  
Conclusion
The present study confirms the importance of specific 
periods in the development of the reproductive structures 
(i.e. the flowers and berries) as critical for the final sugar 
accumulation rate experienced in these cultivars in the 
Umbria winegrowing region of central Italy. This sugar 
accumulation, and consequently the berry sugar content, 
is indeed the first element of quality, and it is a complex 
process that is the result of many components. The berry 
sugar content is thus a good indicator of the berry quality, 
manifesting the developments of ripening, during which 
the other quality components will be developing in paral-
lel. In these terms this study proposes a predictor model to 
evaluate grape quality potential in viticulture, in relation to 
the occurrence of water and forcing temperatures during 
pre and post flowering (April-June) – fruit setting (July) 
periods. 
This early evaluation could permit to manage water 
reserves in the soil regulating a correct occurrence of water 
deficit, adopting particular agronomic techniques (present-
ed in literature) such as the leaf area per hectare increase 
in order to amplify evapotranspiration (increasing the trim-
ming height or changing the trellis system). Other potential 
techniques to adopt could be the vine density increase or 
the selection of rootstocks which only partially use water 
reserves of the soil. On the other hand, in very dry climates, 
when the annual rainfall is poor and not adequately distrib-
uted in flowering-fruit setting periods, well managed irri-
gation can improve grape quality potential driving the vine 
progressively into a situation of moderate water deficit but 
avoiding excessive water stress.
Acknowledgements
The authors are grateful to the "Foundation for the Agricul-
tural Education in Perugia" for providing the agronomical data. 
The authors are grateful to the Italian National Meteorological 
and Climatological Centre for providing the meteorological data. 
F. AGUILERA is grateful to the Fundación Ramón Areces (Madrid, 
Spain) for a Postdoctoral Grant.
References
ARNOLD, C. Y.; 1960: Maximum-minimum temperature as a basis for 
computing heat units. J. Am. Soc. Hortic. Sci. 76, 682-692.
BERGQVIST, J.; DOKOOZLIAN, N.; EBISUDA, N.; 2001: Sunlight exposure and 
temperature effects on berry growth and composition of Cabernet 
Sauvignon and Grenache in the Central San Joaquin Valley of Cali-
fornia. Am. J. Enol. Vitic. 52, 1-7.
CAFFARRA, A.; ECCEL, E.; 2011: Projecting the impacts of climate change 
on the phenology of grapevine in a mountain area. Aust. J. Grape 
Wine Res. 17, 52-61.
CAWTHON, D. L.; MORRIS, J. R.; 1982: Relationship of seed number and 
maturity to berry development, fruit maturation, hormonal changes, 
and uneven ripening of Concord (Vitis labrusca L.) grapes. J. Am. 
Soc. Hortic. Sci. 107, 1097-1104.
CHMIELEWSKI, F. M.; MÜLLER, A.; BRUNS, E.; 2004: Climate changes and 
trends in phenology of fruit trees and field crops in Germany, 1961-
2000. Agric. For. Meteorol. 121, 69-78.
CHUINE, I.; YIOU, P.; VIOVY, N.; SEGUIN, B.; DAUX, V.; LADURIE, E. L.; 2004: 
Historical phenology: grape ripening as a past climate indicator. Na-
ture 432, 289-290.
DALLA MARTA, A.; GRIFONI, D.; MANCINI, M.; STORCHI, P.; ZIPOLI, G.; 
ORLANDINI, S.; 2010: Analysis of the relationships between climate 
variability and grapevine phenology in the Nobile di Montepulciano 
wine production area. J. Agric. Sci. 148, 657-666.
GARCÍA DE CORTÁZAR, I.; BRISSON, N.; GAUDILLERE, J. P.; 2009: Perform-
ance of several models for predicting bud burst date of grapevine 
(Vitis vinifera L.). Int J Biometeorol 53, 317-326.
GIOMO, A.; BORSETTA, P.; ZIRONI, R.; 1996: Grape quality: research on the 
relationships between grape composition and climatic variables. 
Acta Hortic. 427, 277-286.
HOPPMANN, D.; BERKELMANN-LOEHNERTZ, B.; 2000: Prognosis of pheno-
logical stages of Vitis vinifera (cv. Riesling) for optimizing pest 
management. EPPO Bull. 30, 121-126.
JONES, G. V.; DAVIS, R. E.; 2000: Climate influences on grapevine phenol-
ogy, grape composition, and wine production and quality for Bor-
deaux, France. Am. J. Enol. Vitic. 51, 249-261.
JONES, G. V.; WHITE, M. A.; COOPER, O. R.; STORCHMANN, K.; 2005: Cli-
mate change and global wine quality. Clim. Change 73, 319-343.
KELLER, M.; HRAZDINA, G.; 1998: Interaction of nitrogen availability dur-
ing bloom and light intensity during veraison: II. Effects on anthocy-
anin and phenolic development during grape ripening. Am. J. Enol. 
Vitic. 49, 341-349.
KISHINO, A.; MARUR, Y. I.; 2007: Factores climáticos y desarrollo de vides. 
En: A. KISHINO, S. CARVALHO y S. ROBERTO (Red.): Viticultura tropi-
cal, 59-86. Londrina: IAPAR. 
LAGET, F.; TONDUT J. L.; DELOIRE A.; KELLY M. T.; 2008: Climate trends in 
a specific Mediterranean viticultural area between 1950 and 2006. 
J. Int. Sci. Vigne Vin 42, 113-123.
LEBON E., PELLEGRINO A., LOUARN G., LECOEUR J.; 2006: Branch develop-
ment controls leaf area dynamics in grapevine (Vitis vinifera) grow-
ing in drying soil. Ann. Bot. 98, 175-185.
MENZEL, A.; SPARKS, T. H.; ESTRELLA, N.; KOCH, E.; AASA, A.; AHAS, R.; 
ALM-KÜBLER, K. BISSOLLI, P.; BRASLAVSKÁ, O.; AGRITA BRIEDE8, 
CHMIELEWSKI, F. M.; CREPINSEK, Z.; CURNEL, Y.; DAHL, Å.; DEFILA, D.; 
DONNELLY, A.; FILELLA, Y.; JATCZAK, K.; MÅGE, F.; MESTRE, A.; NORD-
LI, Ø.; PEÑUELAS, J.; PIRINEN, P.; REMIŠOVÁ, V.; SCHEIFINGER, H.; STRIZ, 
M.; SUSNIK, A.; VAN VLIET, A. J. H.; WIELGOLASKI, F. E.; ZACH, S.; 
ZUST, A.; 2006: European phenological response to climate change 
matches the warming pattern. Glob. Change Biol. 12, 1969-1976.
 136 F. ORLANDI et al.
NENDEL, C.; 2010: Grapevine bud break prediction for cool winter cli-
mates. Int. J. Biometeorol. 54, 231-241. 
OLIVEIRA, M.; 1998: Calculation of budbreak and flowering base tempera-
tures for Vitis vinifera cv. Touriga Francesa in the Douro region of 
Portugal. Am. J. Enol. Vitic. 49, 74-78.
ORLANDI, F.; GARCIA-MOZO, H.; BEN DHIAB, A.; GALÁN, C.; MSALLEM, M.; 
ROMANO, B.; ABICHOU, M.; DOMINGUEZ-VILCHES, E.; FORNACIARI, M.; 
2013a: Climatic indices in the interpretation of the phenological 
phases of the olive in mediterranean areas during its biological cy-
cle. Clim. Chang. 116, 263-284.
ORLANDI, F.; GARCIA-MOZO, H.; BEN DHIAB, A.; GALÁN, C.; MSALLEM, M.; 
FORNACIARI, M.; 2013b: Olive tree phenology and climate variations 
in the Mediterranean area over the last two decades. Theor. Appl. 
Climatol. 115, 207-218.
PARKER, A. K.; DE CORTÁZAR-ATAURI, I. G.; VAN LEEUWEN, C.; CHUINE, 
I.; 2011: General phenological model to characterise the timing of 
flowering and veraison of Vitis vinifera L. Aust. J. Grape Wine Res. 
17, 206-216.
PARKER, A.; GARCIA DE CORTAZAR ATAURI, I.; CHUINE, I.; BARBEAU, G.; 
BOIS, B.; BOURSIQUOT, J. M.; CAHUREL, J. Y.; CLAVERIE, M.; DU-
FOURCQ, T.; GENY, L.; GUIMBERTEAU, G.; HOFMANN, R. W.; JACQUET, 
O.; LACOMBE, T.; MONAMY, C.; OJEDA, H.; 2013: Classification of 
varieties for their timing of flowering and veraison using a model-
ling approach: A case study for the grapevine species Vitis vinifera 
L. Agric. For. Meteorol. 180, 249-264.
PETRIE, P. R.; SADRAS, V. O.; 2008: Advancement of grapevine maturity 
in Australia between 1993 and 2006: putative causes, magnitude of 
trends and viticultural consequences. Aust. J. Grape Wine Res. 14, 
33-45.
REFAEILZADEH, P.; TANG, L.; LIU, H.; 2009: Cross-Validation. In: Encyclo-
pedia of Database Systems. 532-538.
SALMI, T.; 2002: Detecting Trends of Annual Values of Atmospheric Pol-
lutants by the Mann-Kendall Test and Sen's Slope Estimates: The 
Excel Template Application MAKESENS. ISSN 1456-789X. Finn-
ish Meteorological Institute.
SADRAS, V. O.; MORAN, M. A.; 2012: Elevated temperature decouples an-
thocyanins and sugars in berries of Shiraz and Cabernet Franc. Aust. 
J. Grape Wine Res. 18, 115-122.
SCHWARTZ, M. D.; AHAS, R.; AASA, A.; 2006: Onset of spring starting 
earlier across the Northern Hemisphere. Glob. Change Biol. 12, 
343-351.
SPAYD, S. E.; TARARA, J. M.; MEE, D. L.; FERGUSON, J. C.; 2002: Separa-
tion of sunlight and temperature effects on the composition of Vitis 
vinifera cv. Merlot berries. Am. J. Enol. Vitic. 53, 171-182.
VAN LEEUWEN, C.; FRIANT, P.; CHONÉ, X.; TREGOAT, O.; KOUNDOURAS, S.; 
DUBOURDIEU, D.; 2004: Influence of climate, soil, and cultivar on 
terroir. Am. J. Enol. Vitic. 55, 207-217.
VAN LEEUWEN, C.; GARNIER, C.; AGUT, C.; BACULAT, B.; BARBEAU, G.; 
BESNARD, E.; BOIS, B.; BOURSIQUOT, J. M.; CHUINE, I.; DESSUP, T.; 
DUFOURCQ, T.; GARCIA-CORTAZAR, I.; MARGUERIT, E.; MONAMY, C.; 
KOUNDOURAS, S.; PAYAN, J. C.; PARKER, A.; RENOUF, V. R. L.; ROBY, 
B.; TONIETTO, J. P.; TRAMBOUZE, J. W.; 2008: Heat requirements for 
grapevine varieties are essential information to adapt plant material 
in a changing climate, 222-227. In: Proc. VIIth Int. Terroir Congr., 
Changins, Switzerland.
VAN LEEUWEN, C.; TRÉGOAT, O.; CHONÉ, X.; BOIS, B.; PERNET, D.; GAU-
DILLÈRE, J. P.; 2009: Vine water status is a key factor in grape rip-
ening and vintage quality for red Bordeaux wine. How can it be 
assessed for vineyard management purposes? J. Int. Sci.Vigne Vin, 
43, 121-134.
Received September 22, 2014
